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Fig. 2-1. Diagram representing the interrelationships among channel characteristics, flow and 
bedload transport in gravel bed rivers (modified from Ashworth and Ferguson, 1986). 
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2.2.4 Hiding 
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Fig. 2-2. Sketch representing the effect of equal mobility and size selectivity on entrainment 
thresholds in relation to the bed material median size threshold.τcri and τcr50 are the 
entrainment thresholds of size class Di and median size D50 respectively, (modified from Parker 
and Klingeman, 1982). 
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Fig. 2-3. Comparison of submerged weight components parallel and orthogonal Wp and Wo to 
bed plane for two bed slopes: A) small slope and, B) steep slope. WpA < WpB and therefore, the 
friction between particles is enhanced for steeper slopes. 
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Fig. 2-4. Examples of hysteresis loop (after Reid et al., 1997). 
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2.4.3 Antecedent conditions 
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Fig. 2-5. Schematic of interflood periods. Following Reid et al. (1985), bedload transport rates 
for the similar flow events A – B and C-D will be different due to the time lapsed since the 
previous spate. 
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2.5  Methods for estimating entrainment  
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Fig. 2-6. Schematic of estimation of entrainment threshold by extrapolation to a low (or zero) 
reference bedload transport. 
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2.5.1 Competence or largest grain method 
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2.5.2 Visual Method  
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2.5.3 Reference transport rate  
                                                                                 
                                                                           reference 
                                                                              
                                                                        et al., 
                     et  al                                                         
                                                                                       
                                                                              
                                          D                                 
                                                                                    
                              Di                                               
                                                  Wi*                         
        et al                                                                    
                                                                                      
                                                                             et 
al                    et  al                                                             
                                                                            
                                                                    
 
            et al                                                              
                                                                                      
qb*                                                            
                
et al                             qb*                                            
                                                                                          
                                                                              Chapter 2. Literature review 
56 
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Fig. 2-7. Comparison of fitting lines of 
Parker et al.’s (1982a) and Shvidchenko et 
al.’s (2001) reference transport method. 
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2.5.4 Stochastic approach 
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Fig. 2-8. Schematic illustrating the concept of probabilistic entrainment. Overlapping of acting 
and resisting forces will result in entrainment of particles from the bed. 
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2.5.5 Discussion of methods 
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2.6  Velocity profiles 
2.6.1  Law of the Wall 
                                                                                       
                                             u                                    
                                                               z/h              z 
                                       h                                      
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          u*                                                                            








Fig. 2-9. Example of application of the Clauser method. A) Velocity profile data, B) Plot of 
velocity values against ln(z) and line fit. 
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                                                       l                             
         l     z    l = κ z           et al                                       
             κ                                                                 
                                           * u = ρ τ                                      
                      
dz
du
z u κ = *           Eq. 2-7 
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Fig. 2-10. Sketch of the geometrical elements for the log-law equation. 
 
2.6.2  Background for the adoption of z/h = 0.2 
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Crest of roughness elements 
Time-averaged streamwise velocity profile 
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et al                   to ensure that the log-layer is sufficiently far away from 
the outer boundary of the boundary layer, it is assumed to be limited to some 
small  proportion,  usually  0.15-0.2  of  the  boundary  layer  thickness             
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                                                           “In  many  instances  of 
open-channel flows, in contrast to boundary layers, the log-law applies over the 
whole flow depth, from the bed to the free surface”                             
                                                                                 
                                                                               
                      
 
2.6.3 Emerging argument for greater z/h ratios 
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2.7  Present and future hydrological context 
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2.8  Concluding comments 
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3  Experimental methods and techniques 
                                                                               
                                                                             
                                                                                
                                                                                    
                                                                                     
                                                                                     
                                                                                       
                                                                              
                                                                                        
                                                                                  
                         
 
3.1  Characteristics of the test beds 
3.1.1 Uniform and near-uniform gravel 
                                                   D50                        
                                                                                        
                                                                               
                                                                                        
"This is the foundation of all. We are not 
to  imagine  or  suppose,  but  to  discover, 
what nature does or may be made to do." -
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3.1.2 Size composition of the unimodal sand-gravel bed 
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Fig. 3-1. Grain size distribution for the Endrick Water (surface layer- red, sub-surface material-
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Percentile  Surface  Subsurface 
D90             
D84             
D50             
D16            
                                                              
 
Table 3-1. Summary of grain size distributions for the Endrick Water. Diameters are in mm. 
 
                                                                                  
                                                                            
                                                                              
                                                                               
                                                                                  
                                                        et al                    
                                                                               
                                                                                          
                                                                               
                                                                                      
                                                                                
                                                                               
                                                                              
                                                                             
                                                                
 
                                                                               
                                                                           
                                                                                  
                                                                          
                                                                                       
                                                                                 
                                                                                 
                                                                                 
                                                                                   
                                                                                  
                                                                                 Chapter 3. Experimental methods and techniques 
75 
                                                        σg                            
                                                                                   
                                                                                           
                        
 
Percentile  Endrick Water (A)  Unimodal mix (B)  Ratio (A/B) 
                              
D90                  
D84                 
D50                 
D16                 
                                                              
         
                                     
Skewness description based on Hoey (2004). 
 
Table 3-2. Comparison of surface grain size distribution characteristics of Endrick Water and 



















Fig. 3-2. Final bed material size distribution and comparison of cumulative size distribution 
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3.1.3 Bed material type and characteristics 
                                                                                        
                                                                                 
                                                                                 
                                                                            
                                                                                
   
                                                                             
                   
                                                           
                                                                              
                                                                                 
                                                                               
                                                                              
                                                                             








Size range                   
D16              
D50                
D84              
D90                
Sorting – σg                                                               
Roundness 
(1)                                    
Sphericity                                                               
(1)  Mixed-size  gravel  data  comes  from  direct  measurements  of  three  perpendicular  axes  of 
particles of sieve size 8-11.3mm; whereas, given the smaller size of the grains of the near-
uniform bed, assessment of particle shape was carried out through visual inspection. 
 
Table 3-3. Grain size characteristics of test beds. Size units are mm. 
 
                                                                                 
                                                                                
                                                                           
                                                                                 
                                                                              
                                                                                      
                                                                               
                                                                                   Chapter 3. Experimental methods and techniques 
77 
                                                                                
                                                                               
                                                                                    
                                                                         
 
3.1.4 Particle painting and bed mixing 
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Sieve size (mm)  Colour  Colour sample 
                
               
                    
               
               
                  
                    
                 
Table 3-4. Colours used in the unimodal bed 
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  Average  Std. dev.  Average  Std. dev. 
  Stage 1  Stage 2 
D16                         
D50                         
D84                         
D90                           
Table 3-5. Statistics of main particle sizes of initial beds for Stage 1 and Stage 2. Sizes in mm. 
 
3.2  Flume components and setup 
3.2.1 Description of the flume 
                                                                                 
                                                                                         
                                                                                   
                                                                               
                                                                              
                                                                              
                                                                            
                                                                                    
                                                           
 












Fig. 3-3. Sketch of flume and main components 
 
3.2.2 Flume equipment and instrumentation 
3.2.2.1 Pump 
                                                                                   
                                                                               
                                                                              
                                                                                    
                                                                           
      
 
3.2.2.2 Point gauge 
                                                                             
                                                                                   
                                                                               
                            
 
3.2.2.3 Bedload trap 
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Fig. 3-4. Sketch of the sediment trap. 
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3.2.2.4 Signal inverter 
                                                                          
                                                                              
                                                                     
 
3.2.2.5 Flow measuring device: Portaflow 
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3.2.3 Flow control 
                                                                                       
                                                                             
                                                                                  
                                                                             
                                                                          
                                                                                   
                                                                                
                                                                               
                                                                            
                                                                                 
                                                                                      
                                                                              
                                      
 
Inverter signal (Hz)                                 
Average flow ( l/s)                                                 
 
Table 3-6. Summary of the relationship between inverter signal and average flow readings by 















Fig. 3-5. Relationship between signal inverter frequency and discharge measured with 
Portaflow. Errors bars indicate the range of flows measured for each frequency. Range of bars 
reduce with increasing flows, which indicates a more stable pump regime for higher flows. 
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3.2.4 Uniform flow set up 
                                                                            
                                                                                        
                                                                              
                                                                               
                                                                                
                                                                               
                         
 
                                                                                 
                                                                              
                                                                              
                                                                               
                                                                                  
                                                                                
                                                                             
                                            
 
3.2.5 Configuration of granular beds 
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Fig. 3-6. Schematics of sediment bed configuration. A)Pilot Runs; B)Unimodal sand-gravel bed 
(Stages 1 and 2); C) Unifrom gravel. 
 
3.3  Measuring equipment  
3.3.1 Acoustic Doppler Velocimeter (ADV) 
                                                                                    
                                                                               
                                                                                      
                                                                                
                                                                               
                                                                              
                                                                             
                                                                              
                                                                               










Fig. 3-7. A) Image of ADV head (side-looking) used in the experimental work (nortek-as.com); B) 
schematisation of location of sampling volume. 
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Fig. 3-8. Sketch indicating alignment of ADV and minimum sampling elevation due to ADV head 
size.  
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Fig. 3-9. Schematic representing the position of the main equipment used for data collection. 
(Not to scale, indicative only). 
 
3.3.2 Photography and video 
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3.3.3 Lighting  
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Fig. 3-10. Example of bed surface images under white light (A) and UV light (B). Image area size 
is 460 x 61 0mm
2.Particle sizes correspond to the colours specified in Table 3-4. 
 
3.4  Experimental techniques 
3.4.1 Particle movement count 
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3.4.2 Automated bed surface composition  
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Fig. 3-11. Example of best output from Digital Gravelometer for images containing single size 
class 4-5.6 mm. Note that the percentage associated to 4 mm should be close to 100%. 
 
3.4.3 Manual bed surface composition using ImageJ 
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Image 1  Image 2  Image 3  Image 4 
                             
                        
           
Table 3-7. Position of photographic images (distance from flume u/s end) measured from the 
position of the downstream edge of the carriage. 
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Fig. 3-12. Results of test of bed surface particle count. Numbers 100 and 200 represent the 
minimum number of particles counted per image; A and Bafter the number of particle counts, 
eg. 100A, refer to each count replicate. 
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3.4.3.1 Differences between 100 and 200 particle counts 
                                                                                      
                                                                                      
                                                                                 
                                                                              
                                                                                 
                                                                                      
                                                                              
                                                                               
                                                                                  
                                                                              
                                                                               
         
 
    100-A  100-B  200-A  200-B 
  Test bed #1 
                                            
                                      
  Test bed #2 
                                            
                                      
  Test bed #3 
                                            
                                      
Table 3-8. Comparison of 100 counts and 200 counts. RMSE corresponds to the differences 
between individual percentage weight of a size class on the sample results and bulk size 
composition. 
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3.4.3.2 Repeatability 
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Fig. 3-13. Repeatability of particle count results. A) absolute values of |fi(B)-fi(A)|; B) relative 
percentage of change of |fi(B)-fi(A)| over the average of fi(A) and fi(B). 
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Fig. 3-14. Variability of 10 repetitions of particle count with surface bed composition. Runs 1, 2 
and 3 correspond to data collected during 3 different Stage 1 experiments (Qref, AccRate1 and 
AccRate2) and flow stages (initial bed, 31.5 l/s and 50 l/s) respectively.  
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Fig. 3-15. Results from coloured particle count and b-axis digitisation for Image 1. A) 
Comparison between replicates of coloured particle count, 280 grains per count, performed by 
Dr. Mao. Insert table shows a summary of mixture diameters (mm) for the three repetitions , b 











Fig. 3-16. Comparison of bed surface composition results from b-axis digitisations and coloured 
particle count (100 grains per image) for each image analysed. 
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                                   D50           D16                                 
D              D50           D90                                                  
                                                                                      
                                                                               et 
al                                                                                     
                                                                                   
                                                                                     
                                                                                   
                                                                                 
                                                                                 
       
Percentile  b-axis digitation  Particle count 
16                               
50                               
90                                     
Table 3-9. Comparison of main particle diameters (mm) from b-axis digitation and particle 
count. 
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Fig. 3-17. Comparison of bed surface compositions data from particle count and areal sampling 
(plasticine). Sample i-100: particle count of 100 particles. Sample i-P: areal sample using soft 
plasticine. Deviation between particle count and areal sample for Sample 3 is likely due to fine 
material not having been fully picked by the plasticine. 
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3.4.3.3 Bed preparation and comparison with bulk mix 
                                                                                
                                                                            
                                                                                 
                             screeded bed                                       
                                                                              
                                                                                          
                                                                                     
                                                                                   
                                                                               












Fig. 3-18. Comparison of screeded bed and bulk mix. A) Cumulative grain size distribution, B) 
Individual percentage weight of each size class. Vertical error bars indicate the range of data 
obtained. 
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3.4.4 Clustering analysis using UV light 
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Fig. 3-20. Example of resulting image after applying the thresholding ranges to red colour 
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Fig. 3-21. Example of resulting image after applying the thresholding ranges to blue colour. 
Circles show very small thresholded areas removed during the filtering process. 
 
                                                                              
                                                                                  
                                                                                            
                           
 
3.4.5 Methods for estimating bed shear stress and velocity 
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3.4.5.1 Velocity profiles and the Law of the wall 
                                                                               
                                                                               
                                                                     ln(z+d)        
κ / * u                 ) ln( / * * s k u B u C κ − =                  ) ln( / 0 * z u C κ − =           
                                                                    ln(z+d)           u(z)  
                    u*   z0     B                                u*              
                                                                                           
                                             τ = ρ·u*
2                         
                                                                             
                                                              et al           
 
3.4.5.2 Reynolds shear stress 
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3.4.5.3 Depth-slope 
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Q ( l/s)  h (mm)  A (cm
2)  V (cm/s)  u* (cm/s)  τb (Pa) 
                                  
                                  
                                  
                                  
                                  
                                  
                                  
                                  
                                  
 
Table 3-11. Summary of values of discharge Q, average depth h , wetted area A, average cross 
section flow velocity V, bed shear velocity u*, and bed shear stress τb estimated using Vanoni 
and Brooks (1957). Note that results from Einstein (1942) method are the same. 
 
3.4.6 Estimation of entrainment thresholds 
                                                                                
                                                                     
 
3.4.6.1 Visual method (Yalin) 
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Fig. 3-22. Example of estimation of critical flow using exponential line fitting. 
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                                                        Fig.  3-22                  
                                                                             
                                                                            
            
 
3.4.6.2 Reference transport method (RTM) 
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Fig. 3-23. Example of data plots for reference transport methods. A) Parker et al. (1982a) and, 
B) Shvidchenko et al. (2001). Note how the fitting lines for the RTM-P curve inwards following 
the data point trends for larger transport rates. 
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Fig. 3-24. Collapsed dimensionless transport rate data and fitting of equations developed. 
 
3.5  Experimental programme 
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Pilot Runs (near-uniform gravel) 
                                                                  
                                                                  
Unimodal mix 
                  
                                                  
   
           
                       
                                                             
                  
                                                          
                       
Uniform gravel 
                                                                    
                                                              
                                                                                               
                                              
Table 3-12. Summary of experimental runs and data collected in each group. 
 
3.5.1 Data sampling scheme 
                                                                                
                                                                               
                                                                                      
                                                                                   
                                                                                     
                                                                               
                                                                               
                                                                                     Chapter 3. Experimental methods and techniques 
115 
                                                                                    
                                                                                
                                                                                   
                                                                                  
                                                                              
                              
 
3.5.1 Definition of hydrographs 
                                                                                
•                              
•                 
 
                                                                           
                         Qini                                     Qt                   
                                                                                           
                                                                             
                                                                           
                                                                              Qref  
                                                                                   
                              QL       QH                                             
              Qref                                                                       
                                          Qref                               
                                                                                       
                                                                             
                                                                                
                                                                               
                                 Qini       Qt                                           
                                                                                
                                                                                      
                                                                                 
             
 























(Stage 2, L) 
Unimodal 
sand-gravel 
(Stage 2, H) 
Uniform 
gravel 
Bed slope                                    
Qini                       
Qref,                         
QL                 
QH                 
Qmax                     
Antecedent conditions 
No. of steps 
(1)                 
Flow step ( l/s)                            
Duration of step 
(min.)
(2) 
              
          
               
        
              
      
              
      
           
        
Stability test 
No. of steps                
Flow step ( l/s)                  
Duration of step 
(min.) 
              
(1)  The  number  of  flow  steps  for  Stages  1  and  2  and  the  uniform  gravel  experiments  were 
reduced  in order to increase their duration and  have sufficient time to sample bed surface 
composition and bedload.
 
(2) Durations correspond consecutively for AccRate1, AccRate2, AccRate3, AccRate4, AccRate5, 
and AccRate6 (L or H where applicable). 
 
Table 3-13. Summary of key flows used for the definition of test hydrographs and acceleration 
rates. 
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4  Experimental results 
                                                                             
                                                                                  
                                                                                     
                                                                              
                                              
 
4.1  Near uniform gravel: Pilot Runs 
4.1.1 Bed configuration and summary of procedure 
                                                                              
                           D50                                                
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“This  river  will  teach  you 
everything you need to learn…” 
- James F. Twyman.   Chapter 4. Experimental results 
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Name  Duration 
Acceleration  
rate  
Range of  
flows  
Range of  
depths  
                              
         
                              
                                       
                                      
                                      
                                     
                                     
                                                                                          
Table 4-1. Summary of experimental runs for the near-uniform gravel 
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4.1.2 Results 
                                                                                 
                                                                                      
                                                                                         
                                                                               
                                                                                
                                                                               





















Fig. 4-1. Number of observed grain movements as a function of flow for near-uniform gravel 
bed. A) Reference; B) AccRate1; C) AccRate2; D) AccRate3; E) AccRate4; F) AccRate5. 
 
     
     











































































































. N = 0.4582exp(0.0794Q)
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Fig. 4-2. Ratios of range (max/min) of the particle count scatter. 
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increasing flows (h) 
Qcr (l/s)  Qcr/Qref  τcr (Pa)  u*/u*ref 
                                  
                                      
                                    
                                    
                                    
                                    
 
Table 4-2. Summary of results using averaged particle movements. 
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                                                                           N        










Fig. 4-3. Reduction of particle movements at the reference critical flow with increasing 











Fig. 4-4. Ratio of new critical flow (Qcr) to reference critical flow (Qref) with flow duration for 
each of the three repetitions undertaken. Values obtained from fitting exponential curve to 
average N data are shown in Table 4-2. 
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4.1.3 Discussion 
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Fig. 4-5. Ratio of critical shear velocity with flow duration. Paphitis and Collins (2005) data 
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4.2  Unimodal sand-gravel bed: Stages 1 and 2 
4.2.1 Reference critical flow and test hydrographs 
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4.2.1.1 Stage 1 
                                                                                   
                        Qref                                                     
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Repetition  Criterion 
R1  R2  R3 
            et al.,                                             
       et al.                                              
                                                    
Table 4-3. Summary of initial entrainment thresholds for Stage 1. Main figures are flows (l/s), 
shear stress (Pa) in brackets. 
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               N                                                     et al    
                                                                              
                                                                                 
                                                                             
           Qref                                                                        
                                                                                 
                        
 
  Stage 1  Stage 2 
Qt ( l/s)  31.5  34  29 
                     
        
        
       
        
        
       
        
        
                                                             
                                                           
                                                           
                             
                                                          
                              
Table 4-4. Summary of characteristics of test hydrographs for Stage 1 and Stage 2 
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4.2.1.2 Stage 2 
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4.2.2 Entrainment threshold results 
4.2.2.1 Stage 1 
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  Duration (h)  AccRate ( l/s/s)  Qcr ( l/s)  τcr      
AccRate1                          
AccRate2                        
AccRate3                        
AccRate4                      
AccRate5                        
AccRate6                         












Fig. 4-6. Relationship of entrainment thresholds with antecedent durations for Stage 1. Parker 
et al.’s (1982a) Reference Transport method (RTM-P); Shvidchenko et al’s. (2001) Reference 











Fig. 4-7. Relationship of entrainment thresholds with acceleration rates for Stage 1. See Fig. 4-6 
for legend details. 
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4.2.2.2 Stage 2 
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  Duration (h)  AccRate ( l/s/s)  Qcr ( l/s)  τcr      
AccRate1H                          
AccRate1L                          
AccRate2H                        
AccRate2L                        
AccRate3H                        
AccRate3L                        
AccRate5H                        
AccRate5L                        
Table 4-6. Summary of flow entrainment thresholds (Qcr and τcr, based on RTM-P) for Stage 2. 
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Fig. 4-8. Comparison of τcr obtained using RTM-P and VM methods. RTM-S data is not shown to 











Fig. 4-9. Comparison of τcr obtained using RTM-P and VM. RTM-S data is not shown, see caption 










Fig. 4-10. Effect of target flows on entrainment.Legend nomenclature corresponds to the 
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Fig. 4-11. Comparison of critical bed shear stresses obtained using the RTM-P method for Stages 
1 and 2. 
 
4.2.3 Bed surface composition 
                                                                                     
                                                                                   
                                                                                     
                                                                              
                                                                                
                                                                                 
                                                                                  
                                                                                
                                                                                     

























Stage 2  Chapter 4. Experimental results 
133 
• • • •                                                                          
                                                   
• • • •                                   Dx                                           
                             
• • • •                                                          Qcr  
 
                                                    fi                              
                                                                               
                                                                                      
                                                                              D16  
D50        D90                            σg                               Qt           
                                                                              
 
4.2.3.1 Bed evolution during antecedent conditions 
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Fig. 4-12. Relationship between bed evolution and entrainment thresholds. Ratios refer to key 
diameters of beds after antecedent conditions were applied (beds at target flow Qt) and those 










Fig. 4-13. Bed surface compositions of initial bed and bed at target flow Qt. Values shown are 
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  Stage 1  Stage 2 
  Initial beds  Beds at Qt  Ratio  Initial beds  Beds at Qt  Ratio 
D16                                     
D50                                     
D84                                     
D90                                         
σg                                     
Table 4-7. Average key sizes (mm) of beds pre and post antecedent conditions. Stage 1 and 
Stage 2. 
 
4.2.3.2 Relationship between Dx and critical flows 
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Fig. 4-14. Relationship between parameters 
of initial bed surfaces and entrainment 
















Fig. 4-15. Relationship between bed surface 
representative sizes and sorting of bed at 
target flow Qt (end of antecedent 
conditions) and entrainment thresholds. A) 
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4.2.3.3 Content of coarse and fine grains 
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Fig. 4-16. Relationship between coarse fraction (D90) and entrainment thresholds. A) Initial 
beds, B) Beds after flow exposure. 
Qcr = 2.96D90 - 1.55
R
2 = 0.146










9 9.5 10 10.5 11 11.5



























Qcr = 6.27D90 - 34.83
R2 = 0.55









9 9.5 10 10.5 11 11.5

































Fig. 4-17. Relationship between fines and entrainment threshold. Horizontal axis represents the 
ratio of the content of fines (D<4mm) of the bed at target flow Qt over the initial bed, as a 
measure of the evolution of fine content during the antecedent period. 
 
4.2.4 Bedload size composition 
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Fig. 4-18. Average values of pi/fi for Stage 1 and Stage 2. Note that values of pi =0 for the size 
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Fig. 4-19. Average values of pi/Fi (Fi for the bulk mix) for Stages 1 and 2. 
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Fig. 4-20. A) Evolution of representative bedload diameters with flow, and B) ratio of Dx at each 
flow stage over the average Dx for the entire run. Data for Stage 1 only. 
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  Stage 1  Stage 2 
Size class (mm)  Di/D50 
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Fig. 4-21. Mobility of size classes in relation to average initial bed surface D50 for Stage 1 and 
Stage 2.  
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4.2.5 Bedload quantities 
4.2.5.1 Bedload and flow acceleration rates 
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Fig. 4-22. Average bedload transport rates for each flow and acceleration rate. Vertical axes are 











Fig. 4-23. Average bedload transport rate during stability test periods for Stage 1 and Stage 2.  
Average transport rate defined as the total bedload weight collected during the stability test 
over the total duration of the stability test (24 minutes). Since the stability test is the same for 
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Fig. 4-24. Effect of flow acceleration rates on bedload transport rate as a function of bed shear 
stress. Stage 1. 
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Fig. 4-25. Relationship between new entrainment threshold (bed shear stress) and total bedload 
(kg/m) during the stability test. 
 
4.2.5.2 Total bedload transport rates and bedload equation 
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Fig. 4-26. Collapsed bedload transport rates 
showing fitting of the proposed bedload 
equations. Total bedload measured in 
kg/m/s. Note the scatter around τ/τcr50 =1. 
                                 
                                        
                                
                                          
                                        
             τ/τcr50                 
                   τ/τcr50         
                                     
                                   
                                          
                                
                                       
                                  
                                 
                                        
                              
                                        
                                        
                                    
        et  al                       
                                     
                                 qb                                                
                                                                                 
                                                                                      
                                                                                 
                                                       
 
                                                                                
                                                                              
                                                                                
                                                                                 



















































Q/Qcr=1  Chapter 4. Experimental results 
147 
                                                                              
                                    
4.2.6 Proposed method for prediction of transport rates and τcr 
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B
cr b A q τ =            Eq. 4-3 
      A     B                                                                 
                 τ                         
 
 
A A A τ ⋅ =           Eq. 4-4 
3 2
2
1 B B B B + ⋅ + ⋅ = τ τ        Eq. 4-5 
      A1  A2  B1  B2     B3                                                    
                 τ                                                     
 
Parameters for equations 4-4 and 4-5  
A1            B1         
A2          B2       
    B3          
 
Table 4-9. Values of parameters used to generate curves on Fig. 4-27. 
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Fig. 4-27. Evolution of bedload rates with critical bed shear stress. Stages 1 and 2 data 
combined. Only data from the stability test are plotted, as this phase of the experiments 
provides sufficient data points for adequate curve fitting.Lines correspond to ordinary east 










Fig. 4-28. Relationship of Parameters A and B in eq 4-3 with bed shear stress 
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Alternative parameters for equations 4-4 and 4-5 
                      ) ( B AxExp q cr b τ =            
A1                    
A2              
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Table 4-10. Alternative parameters used in eq. 4-4 and 4-5 using a change of units (g/m/h) and 
an exponential expression of eq. 4-3. 
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Fig. 4-29. Comparison of measured bedload transport rates with predictions using the method 
proposed in the text. Red line represents predicted transport rates when τcr.= 3.3 Pa. The 
comparison of this line with the data for the initially estimated τcr.≈ 3.4 Pa (using RTM-P) 
suggests that this latter value may be slightly overestimated, and critical bed shear stress for 
these runs should be 3.3 Pa. 
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Fig. 4-30. Comparison of τcr from RTM-P and values obtained from the proposed method. Solid 
line shows a 1:1 correspondence, with dashed lines indicating the interval defined by ±1 
standard deviation. 
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4.2.7 Velocity data and bed roughness 
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Fig. 4-31. Comparison of velocity profiles A) pre and B) post antecedent conditions. Note that 2 
replicates were carried out for AccRates 1 and 3. 
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Fig. 4-32. Relationship between the ratio of bed roughness post-(z0Q12B) and pre-(z0Q12) 
antecedent conditions and: A) Duration of antecedent flow, B) Critical stress. Q12 and Q12B 
correspond to data for Q = 12 l/s pre and post antecedent conditions respectively. 
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4.2.8 Particle clustering analysis 
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Fig. 4-33. Total area of 8-11.3mm particles on the bed surface during increasing flows. 
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Fig. 4-34. Evolution of cluster 
characteristics with discharge. A) Average 


















Fig. 4-35. Comparison of change of ai and Ne 
relative to the evolution of Atot. Dashed 
lines indicate equal rates of change. 
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Fig. 4-38. Relationship between total percentage area of size class 8-11.3mm measured under 
UV light (Atot) and number of elements on the bed surface (Ne) 
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Fig. 4-39. Variation of bed entrainment thresholds with average area of elements of initial bed 
(IB) and bed at target flow (Qt). Note the near-parallel trend lines, indicating a reasonably 
uniform effect of antecedent conditions on ai. Trend lines, drawn by eye, are indicative only. 











Fig. 4-40. Sensitivity of cluster formation to Ne of initial beds. 
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Fig. 4-41. Relationship between bed entrainment threshold and reduction of Ne during 
antecedent conditions. 
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4.3  Uniform gravel 4-5.6 mm 
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Fig. 4-42. Effect of duration of antecedent conditions on entrainment for the single size runs. 
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Table 4-11. Comparison of parameters of Shvidchenko et al.’s (2001) equation for estimation of 
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4.3.2 Effect of slope on entrainment thresholds 
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Table 4-12. Comparison of results of Qcr from the visual method. 
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Fig. 4-44. Values of Qcr/Qref for Pilot Runs and single size runs using the visual method. 
 
4.3.3 Bedload transport  
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Fig. 4-46. Comparison of actual and predicted transport rates using eq.4-3 for the uniform 
gravel runs. Deviation of data for series 3.15 and 3.16 for τ/τcr < 3.2 Pa suggest oversized 
bedload samples due to air bubbles. 
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Fig. 4-47. Bedload rates for antecedent conditions phase for uniform gravel runs. 
 
4.3.4 Velocity profiles and bed roughness 
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Fig. 4-48. Effect of the duration of the antecedent conditions on the ratio of bed roughness post 

























































Fig. 4-49. Relationship between the ratio of bed roughness post and pre antecedent conditions 
(z0Q12B/z0Q12) and estimated entrainment thresholds. 
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4.4  Discussion 
4.4.1 Evaluation of the visual method 
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4.4.2 Discussion of results 
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4.4.2.1 Entrainment thresholds 
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Fig. 4-50. Correlation of critical bed shear stress values obtained using RTM-P and VM for Stage 
1 and Stage 2. Solid and dashed lines correspond to the equal values (1:1) and ±1 standard 
deviation respectively. 
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4.4.2.2 Critical shear stress and bed surface composition 
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Table 4-13. Summary of fine content of sediments used by other researchers. 
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4.4.2.4 Bed roughness 
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4.4.2.5 Bedload composition and grain mobility 
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Fig. 4-51. Ratio of fine content of bedload for each flow step over the average fine content 
throughout the entire run. Stage 1 only. 
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4.4.2.6 Bedload predictions 
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5  Comparison of bedload transport equations 
5.1  Introduction 
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Fig. 5-1. Differences of bedload transport with critical bed shear stress τcr (Pa). A) Plotted 
against τ and, B) Plotted against τ/τcr. Note the collapse of the data and equation results in B). 
X-axis in linear scale in both cases. 
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5.2  Available equations 
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5.3  Equations used 
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Meyer-Peter & Müller (1948)  Eq. 5-1  θ-θcr                 
Shvidchenko et al. (2001)  Eq. 5-3  θ/θcr50                   
Wilcock and Crowe (2003)  Eq. 5-7  τ/τcri                   
Recking (2010) eq. 5  Eq. 5-13  θ/θcr                   
Recking (2010) eq. 12  Eq. 5-15  θ/θcr84                    
This study  Eq. 5-18  τ/τcr                           
                                                                             
                                                                                              
                                                                                                 
          τcr correspond         
                                                                                               
                                                τcr                                          
                                                                                                
                                                                
 
Table 5-1. Comparison of main features of bedload transport equations tested. 
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5.3.1 Meyer-Peter & Müller (1948) 
                                            
2 / 3 ) ( cr θ θ χ − = Φ          Eq. 5-1 
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5.3.2 Shvidchenko et al. (2001) 
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e g σ      Eq. 5-5 
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5.3.3 Wilcock and Crowe (2003) 
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      Eq. 5-9 
 
) 20 exp( 015 . 0 021 . 0 50 Fs cr − + = θ
      Eq. 5-10 
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5.3.4 Recking (2010) 
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5.3.4.1 Uniform gravel 
9 . 12









      cr θ θ < 2.3·S
0.08  
45 . 2 14θ = Φ    for  cr θ θ > 2.3·S
0.08      Eq. 5-13 
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275 . 0
cr 15 . 0 S = θ  (eq.3 in Recking, 2010)     Eq. 5-14 
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5.3.5 This study  
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  if τ/τcr> 1.3    Eq. 5-18 
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5.4  Methodology 
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5.5  Results 
                                                                                      
                                                                                 
                                                                                
     
5.5.1 Previous equations 
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Fig. 5-2. Comparison of data (Stages 1 and 
2) and results of Meyer-Peter & Müller 
(1948). 
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Fig. 5-3. Comparison of bedload transport data for the sand-gravel mixture and results from 
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Parameters  Original (W&C, 2003)  Modified W&C, 2003 
C1               
C2          
C3         
C4               
C5           
C6         
                 
Table 5-2. Original and modified (this study) parameters of Wilcock and Crowe (2003) equation 
for bedload transport rates. Split corresponds to the value of Φ= τ/τcr that defines the use of 
each section in equation 5-7. The factor 0.002 must be preserved if the criterion Wi
* = 0.002, set 

















Fig. 5-4. Comparison of results from original 
Wilcock and Crowe (2003) set of equations 
and the same equation set modified in this 
study. 
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Fig. 5-5. Comparison of data and results 
from Recking (2010) equation 5-13 applied 
to the unimodal sand-gravel bed using D50 
and equation 5-15 using θcr84 from equation 
5-16. 
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Fig. 5-6. Comparison of data and results 
from equation 5-18 in this study. 
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Parameter  Unimodal bed  Uniform gravel 
                     
           
                 
                   
                
 
Table 5-3. Optimised parameters (fitted visually) for the proposed bedload equation. 
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Fig. 5-7. Comparison of bedload transport data and results from all the equations tested for A) 
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5.6  Comparison of equation performance 
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Fig. 5-8. Comparison of calculated and measured bedload transport rates for the four equations 
selected for the unimodal sand-gravel bed. Equation labelling is as follows: Modif. W&C (2003): 
equation 5-7 with modified parameters as described in section 5.5; Recking (2010) eq5 Unimodal 
D50: equation 5-13 using D50 of the bed; Modif. Shvidchenko et al. (2001): equation 5-3 with 












Fig. 5-9. Comparison of calculated and measure bedload transport rates for uniform gravel. A) 


















































































1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01














































































































































Recking 2010 eq5  Chapter 5. Comparison of bedload transport equations 
209 
 
Formulation  % of data (1)  % of data (2) 
Unimodal sand-gravel bed 
                              
                    D = D50             
                   et al                     
            τcr                        
Uniform gravel bed 
                               
            τcr                        
 
Table 5-4. Percentage of calculated bedload transport rates for which (1) 0.1 < qbcal/qbobs < 10 
and (2) 0.5 < qbcal/qbobs < 2. 
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5.7  Comparison with field data 
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Fig. 5-10. Comparison of Turkey Brook data and results from Recking (2010) eq.5 using θcr = 
0.0406 from eq.10 and optimised θcr = 0.03, and values from eq. 13 with θcr = 0.03. A) using 
excess shear stress τ/τcr and, B) using bed shear stress only. 
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This study  θcr= 0.03
Recking 2010 eq.5
Recking 2010 eq.5 θcr= 0.03
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Fig. 5-11. Comparison of bedload transport rates of the Elbow River and results from equations 
10 and 13. A) θcr = 0.045 obtained from ω0 = 3.1 kg/m/s (Bagnold, 1980) and, B) θcr= 0.08 
(Ashmore, 1988). 
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This study  θcr= 0.08
Recking (2010) eq.5 θcr eq.3



















































This study  θcr= 0.045
Recking (2010) eq.5 θcr eq.3
Recking (2010) eq.5 θcr=0.045
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Fig. 5-12. Comparison between bedload transport data from this study (flume) and field data 
for Turkey Brook and the Elbow River plotted against A) τ and, B) θ. Curves correspond to 
results of equation 13 for the different data sets. 
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Fig. 5-13. Comparison of data and equation results plotted against three different independent 
variables. Note how equation 5-18 can closely replicate changes of qb with bed entrainment 
threshold. 
 
5.8  Conclusions 
                                                                              
                                                                                 
                                    qb                                           
qb      τ                                                                     
                                                                             
                                                                                   
                                                                             
                                                                                    
                                                                                    
                                                                                
                                                                                  
                                                                     et  al            
                                                                                 
                                                                               
                                                                                   







0 0.02 0.04 0.06 0.08








































































eq. 5-3  Chapter 5. Comparison of bedload transport equations 
217 
                                                                                        
                                                                                     
                                                                             
                                                                                   
τ/τcr    θ/θcr                                                        et al          
                                                                             
                                                                              
              qb                                                                         
                                                                                
                                                       θ/θcr       τ/τcr                
                                                             θ              
                                                     τ/τcr                                  
                                                                                
                                                                              
                                                                    τ/τcr       











Fig. 5-14. Bedload transport rates in relation to τ/ τcr showing linearity of data for τ/ τcr > 1.3. 
Y-axis in linear scale. 
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Fig. 5-15. Field and flume bedload transport rate data on linear axes. Note how the Elbow River 
data follows a straight line. 
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Fig. A-1. Sample images used for testing Digital Gravelometer. A) 1.4-2mm; B) 4-5.6mm; C) 8-
11.3mm; D) 4-5.6mm UV red; E) 8-11.3mm UV green. The area marked by white markers on the 
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Actual composition  Digital Gravelometer results             
                                                                          
                          
                                
                             
                                         
                                         
                                         
                                        
                                          
                                       
                                          
                                          
                                            
                                     
                                            
                                    
                                          
                       
 
Table A-1. Actual composition for each sediment sample and results of the particle size 
distribution obtained with DG after parameter optimisation (values from Grid-by-number 
settings). Values correspond to percentage of total weight in each size class (mm). 
 
Size class (mm)  1-1.4  1.4-2  2-2.8  2.8-4  4-5.6  5.6-8  8-11.3  11.3-16 
                      
      
     
                               
                                    
Test bed #1 
                                        
                                        
                                        
                                        
Test bed #2 
                                       
                                       
                                       
                                       
Test bed #3 
                                       
                                        
                                        
                                        
 
Table A-2. Values of fi for 100 and 200 particle counts. 
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Appendix 2. Test hydrographs and sampling sequences 
 
          AccRate1  AccRate2  AccRate3  AccRate4  AccRate5 
        Duration (h)  0.5  1  2  4  6 
Phase  Sampling  Hz  Q (l/s)
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Table A-3. Test hydrograph and sampling sequences for Pilot Runs.  
 
(1) Flow steps were controlled by the programming of the signal inverter controlling the pump and therefore, smooth rising limbs were achieved. Once the self-
control pump system was installed (section 3.2.3) programming of flow stages was no longer possible and the number of flow steps was reduced for manual 
control in the remaining of the experimental work. 




    AccRate1  AccRate2  AccRate3  AccRate4  AccRate5  AccRate6 
  Duration (h)  0.5  1  2  4  6  10  Phase  Sampling 
Q ( l/s)  depth (mm)  t (min)  t (min)  t (min)  t (min)  t (min)  t (min) 
                             
Settling period 
                                      
                                      
                                       
                                         




                                                       
                           60  90  150  270  390  630 
                                                    
                                                     
                                                     
Mobility test 
sequence 
                                                     
                                                                                                               













Duration (h)  0.5  1  2  6 
Phase  Sampling 
QH ( l/s)  depth (mm)  QL ( l/s)  depth (mm)  t (min)  t (min)  t (min)  t (min) 
                                 
Settling period 
                                              
                                             
                                              
                                              




                                                              
                                           60  90  150  390 
                                                          
                                                           
                                                           
Mobility test 
sequence 
                                                           
                                                                                                              
Table A-5. Test hydrograph sequence for Stage 2. 
 




      AccRate1  AccRate3  AccRate5 
         
    
          
        
         
                       
Phase  Sampling 
Q                                   
              
Settling period 
                 
                   
                    
                    
                     





                             
                             
                           
                           
                           
                           
Mobility test 
sequence 
                           
                                                  
Table A-6. Test hydrograph sequence for Uniform gravel. 
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rate (l/s/s)  Rep.  QADV (l/s) 
(1) 
Pilot Runs 
                     
               
               
                                
               
               
                              
               
               
                               
                
                
                               
                
                
                               
                
                
                                                                    
                         
                
                               
                
                             
                
                             
                
                             
                
                             
                
Stage 1 
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Stage 2 
                             
                             
                           
                
                           
                
                           
                
                           
                
                          
                           
Uniform gravel 
                      
                
                
                                 
                
                               
                
                               
                
                                                  
                                            
                                            
                              
                                            
 
(1) Discharge (l/s) at which velocity data were obtained with ADV 
(2)  Hydraulic  conditions  of  each  experiment  are  summarised  in  the  table  below  due  the 
multiplicity of flow stages in each run. 
 
Table A-7. Summary of experimental runs. 
 




               
      Q              
      
    H 
    
V          
      
      
τ       u*       
                                          
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
                                            
Stage 1 
                                        
                                        
                                        
                                        
                                           
                                        
                                          
                                        
                                        
                                        
                                        
Stage 2 
                                        
                                          
                                          
                                          
                                          
                                          
                                        
                                          
                                          
                                          
                                        
                                          
                                        
                                        
                                        
                                        
                                        
Uniform gravel 
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Table A-8. Hydraulic conditions of all runs. 
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Appendix 4. Entrainment threshold data sets 
 















                  
      
    
      
    
      
    
                  
                      
      
    
      
    
      
    
                  
                    
      
    
      
    
      
    
                  
                    
      
     
      
     
      
     
                  
                    
      
     
      
     
      
     
                  
                    
      
     
      
     
      
     
                  
                            
                            
                                   
 
Table A-9. Entrainment flows for Pilot Runs. Numbers between square brackets are the run 
number (Table A-7). 
 





















Table A-10. Entrainment flows and bed shear stress (RTM-P only). Stage 1. Numbers between square brackets are the run number (Table A-7). 
  Qref  AccRate1  AccRate2  AccRate3  AccRate4  AccRate5  AccRate6 
                                     
                                                                          
  Parker et al. (1982a) 
                       
                                                                                
                                                                       
                                  
                                                  
                                 
                                             
                                         
                             
                                                  
  Shvidchenko et al. (2001) 
                                             
                                         
                             
                                                  
  Yalin (1977) 
                                           
                                         
                         
                                                  




                           
                                                                                                          
                                                        
                                                              
                                                                  
                                                                  
                                                                  
                                                                  
                                                                   
                                                                    
                                         
                                                                                                          
                                                        
                                                               
                                                                 
                                                                 
                                                                 
                                                                  
                                                                  
                                                                   
                                                  
                                                            
 
Table A-11. Critical bed shear stress for all size classes (RTM-P only). Stage 1. Numbers between square brackets are the run number (Table A-7).   Appendices 
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  AccRate1H  AccRate1L  AccRate2H  AccRate2L  AccRate3H  AccRate3L  AccRate5H  AccRate5L 
                                         
            Qt                                        
                                                                                  
  Parker et al. (1982a) 
  Qcr ( l/s) 
                                                                                           
                                                       
                         25.8  25.9  29.0  28.9  29.6  27.1  24.4  25.2 
  τcr (Pa) 
                                                   
                                   
                                                                        
  Shvidchenko et al. (2001) 
  Qcr ( l/s) 
                                                   
                                   
                                                                        
  Yalin (1977) 
  Qcr ( l/s) 
                                                   
                                   
                                                                        
                                                                        
 
Table A-12. Entrainment flows and bed shear stress. Stage 2. Numbers between square brackets are the run number (Table A-7).   Appendices 
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  AccRate1H  AccRate1L  AccRate2H  AccRate2L 
                             
                                                           
                                                     average                    average 
                                              
                         3.73              3.68 
                               3.40              3.56 
                               3.47              3.56 
                               3.52              3.58 
                               3.46              3.46 
                                3.39              3.36 
                                 3.70              3.60 
  AccRate3H  AccRate3L  AccRate5H  AccRate5L 
                         
                                                           
                                   average                    average                   
                                              
                                 2.96           
                   3.47              3.41             
                   3.65              3.45             
                   3.60              3.41             
                   3.50              3.33             
                    3.45              3.29             
                     3.66              3.61             
                                                  
Table A-13. Critical bed shear stress for all size classes (RTM-P only). Stage 2. Numbers between square brackets are the run number (Table A-7).   Appendices 
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  Qref  AccRate1  AccRate3  AccRate5 
Duration (h)               
Acc rates ( l/s/s)                             
  Critical flow RTM (Parker et al., 1982a) ( l/s) 
                                               
                                               
                    
                                
  Critical shear stress RTM (Parker et al., 1982a) (Pa) 
                           
                           
               
                                
  Critical flow RTM (Shvidchenko et al., 2001) ( l/s) 
                           
                           
               
                                
  Critical flow (Yalin, 1977) ( l/s) 
                           
                           
               
                                               
 
Table A-14. Entrainment thresholds for uniform gravel runs. Numbers between square brackets are the run number (Table A-7).   Appendices 
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Appendix 5. Bed surface composition data sets 
 
  Qref  AccRate1  AccRate2  AccRate3  AccRate4  AccRate5  AccRate6 
                                                                                                                                        
Size range (mm)  Bed surface composition of initial beds (% finer than) 
                                                                  
                                                                  
                                                                  
                                                                  
                                                                                 
                                                                                 
                                                                                  
                                                                                   
                                                                                                
  Key particle sizes (mm) 
D16                                                                                           
D50                                                                                           
D84                                                                                           
D90                                                                                                        
σg                                                                                            
 
Table A-15. Bed surface composition of Initial bed. Stage 1. Numbers between square brackets are the run number (Table A-7).   Appendices 
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  Qref 
(1)  AccRate1  AccRate2  AccRate3  AccRate4  AccRate5  AccRate6 
                                                                                                                                        
Size range (mm)  Bed surface composition of bed at Q = 31.5 l/s (% finer than) 
                                                            
                                                            
                                                            
                                                            
                                                                  
                                                                        
                                                                         
                                                                          
                                                                                    
  Key particle sizes (mm) 
D16                                                                               
D50                                                                               
D84                                                                                 
D90                                                                                           
σg                                                                                
                                           Q            
 
Table A-16. Bed surface composition of beds at target flow Qt. Stage 1. Numbers between square brackets are the run number (Table A-7).   Appendices 
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  AccRate1H  AccRate1L  AccRate2H  AccRate2L  AccRate3H  AccRate3L  AccRate5H  AccRate5L 
                                                                            
                                   
Size range (mm)  Bed surface composition of initial beds (% finer than) 
                                                     
                                                     
                                                     
                                                     
                                                                
                                                                
                                                                 
                                                                  
                                                                           
  Key particle sizes (mm) 
D16                                                                      
D50                                                                      
D84                                                                      
D90                                                                             
σg                                                                       
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  AccRate1H  AccRate1L  AccRate2H  AccRate2L  AccRate3H  AccRate3L  AccRate5H  AccRate5L 
                                                                                                             
Size range (mm)  Bed surface composition of initial beds (% finer than) 
                                                      
                                                      
                                                      
                                                      
                                                               
                                                                  
                                                                   
                                                                    
                                                                              
  Key particle sizes (mm) 
D16                                                                         
D50                                                                         
D84                                                                         
D90                                                                               
σg                                                                         
 
Table A-18. Bed surface composition of beds at target flow Qt. Stage 2. Numbers between square brackets are the run number (Table A-7). 
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Appendix 6. Bedload rates 
 





(ls)  Qref  AccRate1  AccRate2  AccRate3  AccRate4  AccRate5  AccRate6 
                                                                       
                                                                  
                                       
                                                                         
                                                                               
                                                                               














                                                                       
                                                                       
                                                                  
                               
                                                                 
                                                                       
                                                                       














                                                                       
                                               
                                          
                               
                                         
                                               
                                               














                                               
 




Total transport rate (kg/m/s) 
  τcr (Pa)  Q ( l/s) 
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      Total transport rate (kg/m/s) 
                                              
  τcr (Pa)  Q (ls)  AccRate1  AccRate3  AccRate5 
                                         
                                         
                                         
                                       
                                       















                                       
                                         
                                         
                                         
                                       
                                       














                                       
 
Table A-21. Bedload transport rates for uniform gravel runs. For run number refer to Table A-7. 
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AccRate1 
        
AccRate2 
        
AccRate3 
        
AccRate4 
        
AccRate5 
        
Q ( l/s)                                     
Depth (mm)                                       
z (mm)  u (cm/s) 
                                              
                                               
                                               
                                               
                                               
                                               
                                               
                              
u* (cm/s)                                     
τ (Pa)                                     
B                                     
 
Table A-22. Streamwise velocity data and parameters. Pilot Runs (each data collected over a 3 
min. period and averaged over two repetitions). Numbers between square brackets are the run 








  AccRate1-R1       AccRate1-R2       AccRate3-R1       AccRate3-R2       AccRate5      
  Q12  Q12B  Q31.5  Q12  Q12B  Q31.5  Q12  Q12B  Q31.5  Q12  Q12B  Q31.5  Q12  Q12B  Q31.5 
                                                                         
                        Streamwise velocity (cm/s) 
                                                                                                    
                                                                                                         
                                                                                                          
                                                                                                           
                                                                                                            
                                                                                                            
                                                                                                            
                                                                                                            
                                                                                                            
                                                                                                            
                                                          
                                                          
u*                                                                                                   
τ                                                                                                     
z0                                                                                                 
z0Qi z0                                                                                               
 
Table A-23. Streamwise velocity data and resulting parameters. Stage 1 (each data collected over a 2 min. period). Numbers between square brackets are the run 
number (Table A-7). 




  AccRate1-R1       AccRate3-R1       AccRate3-R2       AccRate5-R1      
  Q12  Q12B  Q29.2  Q12  Q12B  Q29.2  Q12  Q12B  Q29.2  Q12  Q12B  Q29.2 
                                                             
                        Streamwise velocity (cm/s) 
                                                                                      
                                                                                      
                                                                                      
                                                                                       
                                                                                       
                                                                                       
                                                                                       
                                                                                       
                                               
                                          
u*                                                                                  
τ                                                                                     
z0                                                                              
z0Qi z0                                                                            
 
Table A-24. Streamwise velocity data and resulting parameters. Uniform gravel experiments (each data collected over a 2 min. period). Numbers between square 
brackets are the run number (Table A-7). 
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Fig. A- 3. Residuals from bedload equations. Note how errors reduce with stress magnitude for 
all cases. Recking’s (2010) eq. 12 and Wilcock and Crowe (2003) clearly overestimate qb in larger 




























































































































































. Modif. Shvidchenko et al. (2001)  Appendices 
265 
Appendix 9. 2009 IAHR Congress paper 
 
                                                          
                           
                                                                             
 
         
                                                       et al           
 
                                                                      
REVIEW OF APPROACHES TO ESTIMATING BED SHEAR STRESS FROM 
VELOCITY PROFILE MEASUREMENTS 
 
            
            
             
               
  
 
                                                                               
                                                                                
                                               
 
                                                                               
                                                            
                                                                     
 
                                                                                
                                                                                
                                                                                        
                                                                                   
                                                                                
                                                                              
                                                                               
                                                                                       
                                                                                    
                                                                               
                                                                                       
                                                                               
                                                                              Appendices 
266 
                                                                          
                                                                                 
            
 
 
Key words  shear velocity, shear stress, velocity profiles, logarithmic law  
                                                                     
1.  Introduction 
 
                                                                                         
                                                                                      
                                                                                  
                                                                                   
                                                                                 
                                                                              
                                                                u*            
        τ0                                                                      
                                                                                    
                                                                                         
                                                                                
                                                                                
                                                                              
                                                                                    
                                                                               
                                                                               
                                                                                      
                                                     
 
2.  Logarithmic law equations 
 
2.1 Review of available equations 
                                                                                     
                                                                           u         
                                                u*                                  
                     κ                                                              Appendices 
267 
              z                                                             
                   z0      ks        ks                                                     
                      B      z0                                   z0  ks            
                                            et  al                                   
                                                                               
                          z                                                       
                                                                               
                                    ks                          B              
                                       z0        
 















               
 















                 
 
                                                                               
                                                                              
         
•                                                   z                            
   y                         
 
•                                                            u                
                            U                                            
                                                            u             
                  et al                                                U   
                                
 
•                             u*                                                   
                                                                                
                                               et al          
   Appendices 
268 
•                                                                              
                                  zero-plane       virtual  bed;                   
                                                                          
                                                                          
                                               y0  z0  ks                    
                                                                                 
                                                                                    
                     y    z                                                   
                                                                             
                                        z0                                  
                                                                                
                                 et al                z0                      
                                                               u                
                                       
 
•                                                                               
                    et  al                                                         
                                                                                 
                                                                                
                                                                             
                                                                              
                                                                       
                                                                          
    y0                                     et al               δ           
et al                          d                                          D  
                    z0                                              z ∆               
                                                                                
                                          ks                                
                    ks                                                      
                                                                            
                              ks D50                       ks  D50        
                                    ks   D90    ks   D90                    
     ks  D90  
   Appendices 
269 
•                                                                             
                                           B      Br                                  
                                                                           
                                                                       A 
   Ar                                                                      
                                                                              
                                                 B  Br    Ar                  
                                                                                      
                                                                            
               
 
                                                                                 
                                                                         u        
                                     u*                               κ       
                 ln( )                      z                                  
               d                                                              z0         
                                                                u         ks   
                      Di                           i                    h        
                                         H                                
            B                                                
 
2.2 Mathematical considerations 
                                                                         
                                                        u(z)     z                
                                                                                   
              u*  κ   d  ks     B                  u*  κ   d      z0              
               u*                          z0                           B     
                                                                                     
                  κ                                      z (d)      ks           
               
 
                                                                               
et al                                         κ                                 
                                                             κ                  Appendices 
270 
                                                        κ                             
                                                             κ              
                                                                                 
              
 
         B                                                   ks                      
                   B                                                           
                                                                             
                                   z0                                  z0=ks/C 
                                                                     ks          
                                                     C     κ B             B          
κ            C                                                    z0        et al. 
                                                      z0                          
z0       D90                    z0      D84                                    
        ks    D90    ks      D84                                                 
                                                                                  
                                      ks                                         
                                             ks                                          
                                                                           
         ks  D90                                                                   
                        B   z0       ks                           B       ks             
                                                                                   
        B                                                z0                
 
3.  Experimental set up and methodology 
 
                                                                              
                                                                   Armfield 
                                                                                  
                                                                                  
                                                                            
                                                                           
 D50         D90                                                   D50        
D90                                                                             Appendices 
271 
                          D50        D90                               et al  
                              
 
                                                                                
                                        Microelectronics  Ltd.           
   
                                                                               
            Nortek                                                             
                                  
                                           
                                                                                    
                                                                           
                                                                              
                                                                             
                                                                                       
                                 
 
                                                                u*                   
                                                                                     
                                                                                          
                                           ln(z+d)-u           
 
     Nortek                                                                        
                                                                                 
z=z0                      u                                                   
 τ0         τ0 = ρ·u*
2         ρ                                              
                                            u*(R)                        
                                                                                        
0 0 S gRh ρ τ =           = 0 τ                              
                         
                                    ρ                        
                   
                      
    Rh                             S0                
                                                                               
                   u*                                      u*(S)             
                                                                               
                                                                           
       u*                                                       u*(C)               Appendices 
272 
                                         d                                
                                                                             
                                                                              
              d                       ks                     ks        ks   
D90                                                                      
   z/h                                                                          
                                        z/h                                 
                                                                           
                   ln(z+d)-u                                                          
                                                                        z/h         
                                                                             
                                                                                
                                                                               
                                                                                
            
 
4.  Results and discussion 
 
                                                                                
                                                                                 
               et al                                                                
                                                           κ               
                                                                           et al  
       
 
          d/ks                                                                 
        d      ks                                                               
                                                 d/ks                                 
                                                                           
                                                                                  
                                                                                 
                                                                              
                                                                                         
                                d                                                Appendices 
273 
                                                                         d            
                                                                                   
                                                         z0/ks                  
                                                                                
 
                               
                                                     
Q (l/s)                                                                   
h (mm)                                                       
U (cm/s)                                                                   
d (mm)                                                          
d/ks                                        
u*(C) (cm/s)                                                                   
u*(R) (cm/s)                                                                   
u*(S) (cm/s)                                                                   
z0 (mm)                                                                   
z0/ks                                                                   
B                                                                   
 
                                                    u*/U       U               
                                                                                     
                                                                             u*  
u*(S) > u*(C) > u*(R)                                            u*(S)          
                        u*(C)                                                    
u*(R)                                                                        








Figure 1. Relationship of non-dimensional shear velocity u*/U and depth averaged flow velocity 
U. (i) shows u*(C) for each bed identified by the D50. (ii) shows u* obtained from the three 
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Figure 2. Variation of B with (i) flow magnitude and (ii) bed roughness length. 
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